Abstract
Introduction
Chest and abdominal wall mobility is an important component of respiratory assessment. Loss of chest and abdominal wall mobility affects respiratory function and in some cases results in respiratory complications. A loss in mobility may be due to various factors such as aging, 1,2 scoliosis, 3,4 thoracoabdominal surgery, 5, 6 ankylosing spondylitis 7 and other chest wall diseases. 8 Therefore, chest and abdominal mobility assessments should be performed in a variety of clinical settings.
To accurately measure chest and abdominal wall movements, several noninvasive methods, are available, including magnetometers, 9 respiratory inductive plethysmography, 10 optoelectronic plethysmography, 11 and a respiratory movement measuring instrument. 12 However, these methods are rarely used in clinical practice because they are expensive and require well-trained technicians. Thus, to assess chest wall mobility, chest excursion has been measured using a tape measure. 13, 14 Although tape measurements are simple and inexpensive, this method cannot be used to evaluate any asymmetry or abnormality in chest and abdominal wall mobility, because the measured values reflect changes in chest and abdominal circumference, and the reference values used have not been definitively shown to be useful for judging abnormalities.
In previous study, we attempted to establish reference values and to determine the characteristics of chest and abdominal wall movements during breathing for objective assessments during physical examinations. For this purpose, we measured the three-dimensional (3-D) breathing movement distances (at the inspiratory phase of the respiratory cycle) of the chest and abdomen of healthy subjects aged 20-74 years using a 3-D motion analysis system. This 3-D motion analysis system, a so-called optical device, allows accurate assessments of the kinematics of the chest and abdominal wall. Optical devices for measuring motion require only lightweight reflective markers that create minimum interference in the measuring system when used with subjects and can be placed on any region(s) of interest. The results of our previous study 2 showed that the 3-D distances of observation points may be useful for assessing breathing movements during physical examinations because they were related to the effects of age, gender, and posture, which have also been shown in previous studies.
For a more objective assessment of 3-D distances of observation points in clinical practice, a breathing movement measuring device (BMMD) was developed as a simple device that could be used anywhere. A previous study showed that this BMMD was useful for quantitatively assessing chest and abdominal wall movements during quiet breathing (QB). 15 However, the accuracy of this BMMD for assessing chest and
Breathing Movement Scale (BMS)
BMS was developed to provide a more refined assessment of breathing movements, which can be used among all healthcare professionals. We developed a BMS that assessed QB and DB movements of the chest and abdominal wall based on a scale of −1-8. We measured the breathing movements for three regions: upper chest (third rib); lower chest (eighth rib); and abdomen (midpoint between the xiphoid process and umbilicus).
The upper and lower chest regions were also divided into right and left sides. Finally, five observation points were set for evaluation of breathing patterns, chest and abdominal mobility, synchrony and asymmetry of chest wall movements, and asynchrony of chest and abdominal wall movements. These points were chosen as representative sites, because they show greater movement of the upper chest, lower chest, and abdomen and reflect the characteristics of normal breathing. In addition, the criteria for scaling QB movements and chest and abdominal mobility were specified on the basis of normal QB and DB movements. 2 These criteria were as follows: the scale value of −1, <0 mm; 0, <the 10th percentile of normal QB; 1, the 10th-90th percentiles of QB; 2 and 3, an interval such that the distance between the 90th percentile of QB and the 10th percentile of normal DB was divided into halves; 4, the 10th-25th percentiles of DB; 5, the 25th-50th percentiles of DB; 6, the 50th-75th
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percentiles of DB; 7, the 75th-90th percentiles of DB; and 8, > the 90th percentile of DB.
The scale values from −1-3 were applied to assess QB movement, and the scale value of 1 was considered normal. The scale value of −1 indicated paradoxical breathing. To assess DB movements, scale values of 0-8 were applied, with the normal range on this scale of 4-7.
Breathing Movement Measurements
Using a 3-D motion analysis system (Vicon MX, Vicon Motion System Ltd., Oxford, UK), breathing movements were measured during DB while in the supine position. This system comprised eight infrared cameras that tracked the movement trajectories of 14-mm passive markers attached to the chest and abdominal wall. Camera images were sampled at a rate of 50 Hz, and motion data were processed using Vicon Workstation 5.2.4 software (Vicon Motion System Ltd.) to produce 3-D coordinates for each marker.
These coordinates were smoothed using a Woltring filter incorporated in Vicon Workistation 5.2.4 software, and the distances between the markers were calculated using spreadsheet software (Excel, Microsoft, Redmond, WA, USA). A Woltring filter, which is equivalent to a double Butterworth filter, can process data with unequal sampling intervals and boundary conditions. Five passive markers were bilaterally placed along the vertical line through the medial one-third of the clavicle, third rib (upper chest), and eighth rib (lower chest) and along the vertical line through the umbilicus at the midpoint between the xiphoid process and umbilicus (abdomen). The range of movement RESPIRATORY CARE Paper in Press. Published on December 17, 2013 as DOI: 10.4187/respcare.02778
was measured as the 3-D distance during the inspiratory phase of the respiratory cycle.
Based on a single breathing cycle, distances were calculated and expressed in millimeters.
Procedure
The subjects were asked to remove their shirts and loosen their pants while in the supine position. They were instructed not to talk or move during the measurements.
Breathing was controlled and based on the distances targeted by the BMMD: 1 cm, breathing condition 1: 2 cm, breathing condition 2: and 3 cm, breathing condition 3. For healthy subjects, the maximal breathing amplitude was decided upon based on the average 3-D distances of the chest and abdominal wall during DB (approximately 3 cm).
The values of the BMS corresponding to the breathing conditions were as follows:
breathing condition 1, breathing condition 2, and breathing condition 3 were the 1/2 scale (abdomen/chest), the 3/4 scale, and the 5/6 scale, respectively. The subjects were provided feedback information by the examiner for the distances targeted by the BMMD.
The subjects were asked to maintain the end of an inspiration and expiration for at least 2 s. The BMMD distances were measured and recorded in millimeters.
When assessing breathing movements, for the upper and lower chest, the BMMD was held in a 30° cranially and slightly (approximately 10°) laterally inclined position from the vertical line. For the abdomen, the BMMD was held in the vertical position using a tripod. Determination of this position was based on the average angle between the
The results of this study demonstrated that for each observation point, the derived regression equations estimated the 3-D distances from the BMMD distances with an acceptable accuracy. Therefore, this BMMD may be useful for quantitatively assessing DB movements of the chest and abdominal wall in healthy young males.
The five observation points, which divided the chest and abdomen into three regions (upper chest, lower chest, and abdomen) and the chest into right and left sides, reflected the characteristics of breathing movement related to the effects of age, sex, and posture.
2
In addition, measurements of chest excursion using a tape measure have been made at three similar levels (axillary, xiphisternal, and abdominal). 14 Tape measurements are simple and inexpensive. However, this method is not suitable for evaluating any asymmetry or abnormality in the mobility of the chest and abdominal wall. The BMS using the BMMD has the advantage of assessing asymmetry and abnormality in mobility, because it is based on measurements of both sides of the chest and provides reference values.
Breathing movement less than the scale 4, in which the lower limit is the 10th percentile of the normal DB, is considered an indication of limited the chest and abdominal wall mobility. The older subject, who had a less chest mobility than the younger subject, was included in the normal range (scale, 4-7). 2 Therefore, if BRS is less than the scale value of 4, it is obviously regarded as an indication of limited the chest and abdominal wall mobility. In addition, in the healthy subjects, the chest and RESPIRATORY CARE Paper in Press. Published on December 17, 2013 as DOI: 10.4187/respcare.02778
abdominal mobility have reportedly been symmetrical. 12 In our previous study, 2 there were no significant differences in the 3-D distances of the DB movements between right and left sides. The maximum difference between right and left was 3.0 mm, which was smaller than the minimum distance on the BMS scale. Therefore, if the difference between right and left side was more than one point on the scale, it was considered an indication of asymmetry in the chest mobility.
For the markers at each observation point, all of the BMMD distances were less than the 3-D distances. The reasons for these results were the following. First, the trajectories of the markers on the chest and abdominal wall were not linear, although the BMMD distances were measured as linear distances. Second, the soft tissue at an observation point was compressed by the tension spring of the BMMD, which resulted in a weak force. For an individual with more subcutaneous fat and a deviated direction of breathing movement, the differences between the 3-D and BMMD distances would be large. Third, the measuring angle of the BMMD was not necessarily in accordance with the direction of an individual's breathing movement.
The differences between the 3-D and BMMD distances were associated with the breathing amplitudes used. These differences were significantly less for breathing condition 1 than for the other breathing conditions. This may result from decreases in compression caused by the tension spring in lower amplitudes. Therefore, to assess a movement distance during QB, the regression equations derived in this study may not be appropriate for estimating the 3-D distances of breathing movement.
The 3-D distances of the observation points were estimated with acceptable accuracy.
The standard errors of these estimates were < 1.8 mm (7.1% of the mean 3-D distance), except for those for the left lower chest. SEE for the left lower chest was relatively large (2.2 mm; 8.9% of the mean 3-D distance). These results were consistent with those of the previous studies, which showed relatively lower reliability and agreement. 2, 15, 16 This may be explained by assuming that the differences between the 3-D and BMMD distances were relatively more variable among the subjects, i.e., variations in the trajectory of the left lower chest marker were relatively large.
The BMS assesses DB movements on the chest and abdominal wall on a scale of 0-8.
The minimal interval of this scale for DB was found to be approximately 3.5 mm, which was calculated from the data for healthy subjects aged 20-74 years. 2 For almost all the observation points, the 95% confidence intervals for the predicted values of the regression equations (1.96 × SEE) were less than this value, indicating that the measurement errors were within one unit of the BRS. In fact, measurement errors between the predicted and actual scales were within one point on the scale and approximately 80% of the predicted scales agreed with the actual scale. For the abdomen, the concordance rate for breathing condition 1 was the lowest, although the 95% confidence interval for the left lower chest was more than this minimal interval. This is the reason why the 3-D distances for breathing condition 1 on the abdomen were closer to its boundary value between scales compared with the other observation points and breathing conditions. Therefore, if the BMMD mark is located near the boundary value, RESPIRATORY CARE Paper in Press. Published on December 17, 2013 as DOI: 10.4187/respcare.02778
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and thoracic deformity and so on ), body type, and the fixation condition used for the BMMD.
The results of this study were based on the data collected from healthy young males.
Therefore, this study did not attempt to address the effects of age, sex, and disease on these measurements. Our previous study 2 showed that there was a significant negative relationship between the age and 3-D distances in the DB movement, although there is no significant relationship between the 3-D distances and sex. However, the breathing movement directions had no significant difference between age and between sex.
Therefore, it is believed that the regression equations in this study may be applicable to another healthy person, however, not to the patients with spinal and thoracic deformities who have abnormal breathing movement. It is necessary to find another measuring angle to attain acceptably accurate measurements for such a patient.
The results of this study were derived from subjects with normal body types and fixation using a tripod. Thus, when there is more subcutaneous fat at an observation point, the 3-D distances may be underestimated by the BMMD. In this case, this effect may be decreased by placing extra padding such as a thin rubber sheet on the observation point to diminish the pressure from the tension spring indenting the body surface.
In addition, a previous study showed that good reliability between the 3-D and BMMD distances and low values for the limits of agreement (chest: <2.0 mm, abdomen: 3.0 mm) in a Bland-Altman analysis during QB were obtained by fixing the BMMD using a hand. 15 For DB, if the wrist and elbow are fixed firmly, good reliability of the BMMD RESPIRATORY CARE Paper in Press. Published on December 17, 2013 as DOI: 10.4187/respcare.02778
Epub ahead of print papers have been peer-reviewed and accepted for publication but are posted before being copy edited and proofread, and as a result, may differ substantially when published in final version in the online and print editions of RESPIRATORY CARE. measurement can be maintained for patients with decreased chest and abdominal mobility. Furthermore, when the measuring angle of the BMMD and the direction of the breathing movement are not clearly matched, the mark of the BMMD cannot move smoothly. In this case, for more precise assessments, the measuring angle should be adjusted to a proper direction such that it moves smoothly, and the measuring angle can be determined from the angular scale of the BMMD. The auxiliary lines of a 15° unit are displayed on the angle scale.
However, we did not investigate the effects of different age, sex, body types, fixation methods, or disease during the BMMD measurements. Therefore, additional studies are required to investigate the effects of these factors on BMMD measurements.
Conclusion
This study investigated the usefulness of a newly developed BMMD for estimating the 3-D distances on the chest and abdominal wall during DB. The regression equations for estimating the 3-D distances from the BMMD distances gave high R 2 and low SEE values for all the observation points. The BMMD may be useful for quantitatively assessing breathing movements of the chest and abdominal wall in healthy young males. Epub ahead of print papers have been peer-reviewed and accepted for publication but are posted before being copy edited and proofread, and as a result, may differ substantially when published in final version in the online and print editions of RESPIRATORY CARE. Epub ahead of print papers have been peer-reviewed and accepted for publication but are posted before being copy edited and proofread, and as a result, may differ substantially when published in final version in the online and print editions of RESPIRATORY CARE.
